The ever-growing demand for simple, fast and reliable techniques for the detection of pollutants and contaminants in the environment has sparked the development of remote detection and monitoring systems which include application specific sensors, instrumentation and signal processing. We report here the design, fabrication and characterisation of four designs of microelectrochemical systems on silicon chip for the detection of pollutants in artificial seawater. These systems were fabricated by photolithography and incorporate a Pt working microelectrode array (squares or bands), a Pt counter electrode and a Ag j AgCl reference electrode. They have been characterised by cyclic voltammetry of ferricyanide and behaved in good agreement with the theory. These systems were evaluated over 72 hours and showed good stability. Underpotential Deposition -Stripping Voltammetry experiments of Cu 2 + in artificial seawater have been carried out at an array of 35 microsquares of 20 mm 20 mm. The sensitivity achieved was (2.93 AE 0.14) mA cm À2 mM
Introduction
The implementation of directives from the European Union has triggered the need for new methods and systems which enable the monitoring of chemical and biological pollutants in European waters [1] . The diversity of chemical substances which must be detected and monitored, together with the large number of rivers, lakes, underground and coastal waters within the European Union, poses a considerable challenge to analytical and environmental chemists. Electrochemical sensors offer a suitable platform for the development of microsystems for the remote detection and monitoring of pollution in waters. Indeed, electrochemical sensors can be mass fabricated using the fabrication technologies available to the microelectronics industry and their miniaturisation improves their performances. Voltammetry at single microelectrodes and at microelectrode arrays can provide precious environmental information on aquatic systems [2] and in seawater in particular [3, 4] , reaching the requirements in terms of sensitivity and detection limits. Furthermore, dedicated portable instrumentation can also be developed to perform the measurements on-site [5] [6] [7] [8] [9] .
Microelectrode arrays have unique properties such as an improved mass-transport towards the microelectrode surface and a reduced ohmic drop, which both contribute to a higher sensitivity and hence, make them suitable for analytical applications [10] [11] [12] [13] [14] . They can be fabricated via photolithography or screen-printing methods [15] . Iridium microelectrode arrays plated with mercury have been used for the detection of heavy metals in seawaters [16, 17] . However, although mercury-plated microelectrode arrays achieve very low limits of detection (in the picomolar range for Cd and Pb and in the nanomolar range for Cu), they rely on mercury, which is a highly toxic metal. Needle-type electrochemical sensors have been developed with photolithographic techniques using SU-8, a negative photoresist, as the substrate [18] [19] [20] [21] . These systems include a single Au working microelectrode, a Au counter electrode and a silver/silver chloride reference electrode. They were used for the simultaneous detection of nitrite and dissolved oxygen [19, 20] . Miniaturised dissolved oxygen and redox potential electro-chemical sensors were patterned on a glass substrate and then packaged on a printed circuit board (PCB) [21] .
As an alternative to Hg-plated electrodes, a variety of substrates (Au, Pt, Ag and carbon) have been tested for the detection of heavy metals in natural waters [22, 23] . Despite a higher capacitance at solid electrodes than at Hg electrodes, they remain attractive as this disadvantage can be overcome by the reduction of the working electrode dimension, which results in a decrease of the capacitive current. Bismuth-based electrodes are another alternative to Hg electrodes, which provide excellent analytical performances for a variety of elements in a vast diversity of real samples [24] . However, the operation of bismuth-based electrodes requires the addition of bismuth salt to the sample analysed to allow the co-deposition of a bismuth film with the target metal analyte. Such an analytical procedure may increase the complexity of the analytical microsystem developed for remote sensing. Microelectrodes have also an excellent signal to noise ratio. The concentration of heavy metals such as Cu, Pb, Cd and Hg can be determined using anodic stripping voltammetry at such solid electrodes. Underpotential Deposition -Stripping Voltammetry (UPD-SV) at solid electrodes has been used as an alternative to mercury electrodes for the detection of heavy metals in aqueous solutions [25] . UPD-SV is derived from the anodic stripping voltammetry technique. UPD-SV is based on the formation of a monolayer of metal at the surface of the electrode at a potential more positive than the potential of the bulk deposition governed by the Nernst equation. UPD-SV offers advantages over analytical techniques that rely on bulk deposition. At trace levels, only a small amount of metal is deposited, which leaves the electrode surface mainly undisturbed. The preconcentration times are also kept short (typically under three minutes) to avoid saturation of the signal by depositing a full monolayer. Finally, UPD-SV can be achieved in the presence of dissolved oxygen in the solution, which is of importance for any infield applications. Copper, lead, cadmium and mercury are among the metals detected in a range of environmental samples such as waste water [26] , drinking water [27, 28] and soil extracts [29] [30] [31] . Copper in soil extracts has been detected by UPD-SV at microelectrodes and showed good correlation with the results obtained by the reference analytical technique of atomic spectroscopy [31] . Copper is both an essential nutrient and a water contaminant. Its occurrence in seawater is due to natural processes as well as man-related activities such as mining and petroleum refining. Furthermore, copper has replaced tributyl tin compounds in the composition of antifouling paint. Leaching from boats results in concentration of copper around 7 mg L À1 (0.11 mM), a concentration level which is toxic to aquatic organisms [32] .
We report here the development of microelectrochemical systems on silicon chip using microfabrication techniques. In recent years, we have developed a range of micro-and nanoelectrode arrays made of gold and platinum for analytical purposes [31, [33] [34] [35] [36] by means of photolithography [31] and focused ion-beam milling [34, 35] . In this work, complete microelectrochemical cells on silicon chips are employed, whereas previous systems presented a microelectrode array as a working electrode onchip and the reference and counter electrodes were standard commercially-available off-chip electrodes [31, 36] . Based on these results, four different microelectrochemical systems have been designed, fabricated and characterised by cyclic voltammetry of ferricyanide in artificial sea water. The stability of the sensor signal was thoroughly studied over repeated experiments. Finally, their sensitivity was assessed by UPD-SV of copper in artificial seawater.
Experimental and Computational Procedures

Microfabrication
The microelectrochemical cells were fabricated by standard deposition, lithographic and etching techniques as described previously [31] . A 1 mm thick silicon oxide layer was thermally grown on a silicon wafer. Ti adhesion layer and Pt microelectrodes were then patterned on the surface by lift-off process. 500 nm of silicon nitride was deposited on top of the electrodes by plasma-enhanced chemical vapour deposition. A photoresist was spun on the silicon nitride passivation layer and the microelectrochemical cell was patterned by photolithography. The silicon nitride over the electrodes was then removed via a C 4 F 8 deep reactive ion etch. Following fabrication, the individual chips were diced and attached on a PCB board. The electrodes were then connected to the PCB tracks with gold wire bonds. The chip edges and the wire bonds were subsequently protected by covering in a polymeric encapsulant (Amicon 50300 HT from Emerson and Cuming) cured at 150 8C for 2 hours.
Microelectrochemical Cell Design
Four microelectrochemical cells have been designed on a 4 mm 4 mm silicon chip. Each of the cells has a counter electrode, a reference electrode and an array of working microelectrodes, all made of Pt ( Figure 1 ) which is essential to work in seawater. The electrode geometry, dimensions, electrode centre-to-centre spacing, number of electrodes in the array and total geometric surface areas are given in Table 1 . The counter electrode is L-shaped with a total geometric surface area of 0.003 cm 2 for Designs 1 and 2 and of 0.015 cm 2 for Design 3 and 4. The total geometric surface area refers to the geometric surface area of one microelectrode multiplied by the number of electrodes in the array. The Pt pad for the reference electrode is a 200 mm by 200 mm square. To prepare the reference electrode, a drop of silver paint is placed on the Pt pad and the silver paint is cured at 120 8C for 60 min. Then, the silver paint is oxidized to form a Ag j AgCl electrode by scanning from 0 to 1 V in 1 M KCl at 10 mV s À1 .
Electrochemical Measurements and Reagents
A CHI620A potentiostat from CH Instruments (purchased from IJ Cambria, Burry Port, Wales, UK) was used for all electrochemical studies. All experiments were performed in a Faraday cage using a three-electrode configuration, where the counter and reference electrodes could be on-chip or off-chip. When off-chip electrodes were used, the counter electrode was a 0.5 mm diameter Pt wire (purchased from Advent, UK) and the reference electrode was a Ag j AgCl j 1 M KCl (purchased from IJ Cambria). Prior to electrochemical experiments, the microelectrochemical cells were treated for 2 minutes in air plasma at 100 W, 600 mTorr (Harrick Plasma, New York, USA) to remove residual organic matter. Artificial seawater [37] [38] was used as the electrolyte solution for all experiments. It contained 400 mM NaCl, 20 mM MgCl 2 , 20 mM MgSO 4 , 10 mM CaCl 2 and 10 mM KCl. The pH value of the artificial seawater was 8.7 and addition of ferricyanide decreased the pH value to 8.5. All reagents used in these studies were purchased from Sigma-Aldrich Ireland Ltd.
Computational Details
Microband array simulations were performed with COMSOL Multiphysics version 3.5a (COMSOL Ltd, Hertfordshire, UK). Since the length of band electrodes is at least 10 times greater than the width, simulations of the band electrode arrays for all scan rates can be performed using two-dimensional Cartesian coordinates [39] . The computational mesh was generated from expanding triangular elements with a maximum element size along the electrode surface and at the electrode edge point restricted to 0.002. A similar mesh delivered accurate current values (error within 1 %) when solving the two-dimensional diffusion equation for conical tip electrodes [40] .
Results and Discussion
Characterization of the Microelectrochemical Cell by
Cyclic Voltammetry
Characterisation of the Working Microelectrode Array
The four designs of the working microelectrode array have been characterized by cyclic voltammetry of 1 mM ferricyanide in artificial seawater ( Figure 2 ). Cyclic voltammetry at electrodes of Designs 1 and 2 are of steady state nature indicating hemispherical diffusion of ferricyanide towards the working microelectrodes surface with no overlap of the diffusion zones for neighbouring electrodes ( Figure 2A ). The limiting current density for Design 2 is greater than the one for Design 1, which is expected as the current density increases as the critical dimension of the working microelectrode decreases. Table 1 . Table 1 . Electrode array designs and characteristics; w: width; L: length; d: centre-to-centre spacing; N: number of electrodes in the array; A: Total geometric electrode surface area of the array. 
where n is the number of electrons transferred in the reaction, F is the Faraday constant (96485 C mol À1 ), D is the diffusion coefficient for ferricyanide (D = 7.6 10
), r is the radius of the microdisc and x is the number of electrodes in the array. As an approximation for microsquare electrodes, r was taken as half the width of the square. The experimental limiting current obtained by averaging 12 experiments was (41.1 AE 0.2) nA for Design 1 and (63.9 AE 2.7) nA for Design 2. The theoretical value of 44.0 nA for Design 1 is in agreement with the experimental value obtained using Equation 1. However, there is a discrepancy between the theoretical value of 103.2 nA and the experimental value measured for Design 2, which may be due to some diffusion zone overlap. Figure 3 shows the influence of the scan rate on the limiting current. In agreement with Equation 1, increasing the scan rate to 100 mV s À1 has no effect on the limiting current. Despite some diffusion zone overlap suggested by a current lower than expected, cyclic voltammetry behaviour shows that radial diffusion still occurs. Each electrode of the array behaves as a single microelectrode and the sum of their limiting current provides the array current. Therefore, a greater limiting current is obtained at Design 2 array, with more electrodes of smaller dimension than Design 1, combining the effects of increased current density due to radial diffusion and of a greater number of electrodes in the array.
For inlaid microband electrodes, the long-time behaviour of the current is approximated by the Equation 2 [41] .
Here, L is the microband length, w is the microband width and t is the time. In contrast to a microdisc electrode, a microband electrode does not attain a true steady state at long times, and the expression quasisteady state is often used to characterise this behaviour [10] . While the limiting current of microband array Design 4 (w = 20 mm) shows a quasisteady state for v = 10 mV s 
was employed, which gives an approximation for the relation between the peak current i p and the dimensionless scan rate
The calculated peak current for the microband array Design 3 at a scan rate of 100 mV s À1 is 355 nA which is in agreement with the measured value of (302 AE 1) nA ( Figure 3B, dashed line) . However, the voltammogram of Design 3 using v = 10 mV s À1 cannot be analyzed in terms of Equations 3 and 4. The reason is shown in Figure 4 , which presents simulated concentration profiles of ferricyanide for Design 3, calculated at the switching potential. The concentrations are normalised by the bulk concentration of ferricyanide. The diffusion length x = 2(Dt) 1/2 provides a measure of how far the concentration has propagated in the x-direction by diffusion in time t. Though this equation is only valid for 1-dimensional diffusion, it provides a rough approximation of the expansion of the diffusion zone around the microelectrodes during a voltammetric experiment. The simulations had the purpose of (i) visualization of the expansion diffusion zone and (ii) to get insight into the degree of the overlap of the diffusion zones. As can be seen from the diffusion field displayed in Figure 3 for v = 10 mV/s, although diffusion zone overlap is observed, the diffusion field around the electrodes still shows a spherical shape. The diffusion zones around the individual bands do not overlap at the higher scan rate of 100 mV s À1 and the peak shaped current response is a result of the deviation from the quasisteady state. However, the concentration profiles for v = 10 mV s À1 exhibit overlapping diffusion zones. The appearance of the current peak for the voltammogram (solid line in Figure 3B ) might be a consequence of diminished radial and increased planar diffusion to the individual bands due to depletion zones between adjacent bands. A similar behaviour is expected for arrays of square electrodes. Using the diffusion zone approach for a cubic distribution of the electrodes and approximating the square electrodes by disc electrodes with a radius of half of the side length of the squares, simulations were performed for Design 1 (radius of the disc 15 mm. The line (or plane) of maximal overlap is along the half distance between neighbouring electrodes. The lowest ferricyandide concentration calculated here for band electrodes (Design 3, v = 10 mV/s, at the switching potential) was 86 % of the bulk concentration, while for the disc electrodes, equivalent to squares of Design 1 (v = 10 mV/ s, at the switching potential) the lowest concentration in the overlap zone was 97 % of the bulk concentration, indicating a less pronounced diffusion zone overlap at equivalent disc electrodes compared to band electrodes.
Microsquare electrodes of Designs 1 and 2 have demonstrated a higher current density than microband electrodes of Design 3 and 4 for the cyclic voltammetry of ferricyanide in artificial seawater. Furthermore, radial diffusion predominates for microsquare electrodes of Design 2 suggesting that mass transport of analytes will be greater and hence it will result in a lower limit of detection than with the other microelectrode arrays.
Characterisation of the Reference and Counter Electrodes
The Ag j AgCl reference electrode formed on the silicon chip was characterised by potentiometry and cyclic voltammetry relative to the commercial Ag j AgCl j 1 M KCl reference electrode, which was used for the characterisation of the working microelectrode arrays. Three reference electrodes were prepared as described in Section 2.
2. The open-circuit potentials of each on-chip reference electrode were measured versus the commercial reference electrode in a 1 M KCl solution and were monitored over a period of one hour taking one measurement every second. All three on-chip reference electrodes showed good stability over the testing time and no potential drift was observed. The open-circuit potential measured was (14.8 AE 0.2) mV. The expected potential difference between these two electrodes was 0 mV as for both electrodes the chloride concentration was 1 M. On-chip reference electrodes were further characterised by comparing cyclic voltammograms at microelectrode arrays obtained with either an on-chip or a commercial reference electrode ( Figure 5A ). The chloride concentration in the artificial seawater used in our experiments is 0.47 M whereas the chloride concentration for the commercial reference electrode was 1 M. Based on the Nernst equation (Equation 5) 
where E Ag 8 j AgCl is the standard potential for the Ag j AgCl electrode (E Ag 8 j AgCl is 0.2223 V) and a ClÀ is the chloride activity which can be approximated to the chloride concentration in the solution, the potential difference between these two reference electrodes should be 19 mV where as the value measured was at (39 AE 6) mV, N = 4. The difference between the theoretical potential shift and the experimental one is consistent if we consider the shift observed at open-circuit potential (ca. 15 mV). The on-chip counter electrode was characterised by cyclic voltammetry of ferricyanide at 10 mV s À1 using both the on-chip microelectrode array and the reference electrode. The cyclic voltammograms obtained were compared to the cyclic voltammogram using a commercial Pt wire as a counter electrode. The results using the working microband array of Design 3 are presented in Figure 5B . A very good agreement was demonstrated for all four Designs.
Stability Studies
A good stability of microelectrochemical systems is essential for the development of autonomous and remote sensing systems. Stable and reliable electrodes will indeed allow the deployment of microelectrochemical sensors for in-situ detection and monitoring of pollutant levels. We have estimated the stability of the sensor response by repetitive cyclic voltammetry measurements of ferricyanide in artificial seawater. These were done by scanning the + 0.6 to 0.0 V potential window at 10 mV s À1 every hour for 72 hours ( Figure 6 ).
The investigated microelectrochemical system is immersed in the artificial seawater solution all this time. The stability of the microelectrochemical cell was evaluated by looking at the limiting current measured, the slope of the sigmoidal wave and the variation of the current at given potentials. For Design 1, the limiting current density is (276.4 AE 5.7) nA cm À2 (N = 73), which is in agreement with the current density value shown in Figure 2 . However, when the limiting current density is plotted versus time (inset of Figure 6 ), the limiting current density drops from 302.2 nA cm À2 at t = 0 hour down to 270.6 nA cm
À2
at t = 6 hours. The limiting current density response then drifts slowly to reach 278.8 nA at t = 72 hours. The drift can be due to two factors: the impact of the artificial seawater medium or to electrode degradation as a result of repetitive use. Figure 7 shows the variation of the current measured with experiment time for three different potentials. For the three potentials selected (E 1 = 0.400 V, E 2 = 0.200 V and E 3 = 0.100 V), the current measured remains mostly stable when its variation remains within 3 times the standard deviation (3s), which could be attributed to random variation of the values. The wave potential for the reduction of the ferricyanide is quite stable over time ( Figure 7B ). The average value obtained for the halfwave potential is (0.194 AE 0.004) V. The error corresponds to a 2 % relative standard deviation over the course of 72 hours. This indicates that the current drift observed for the limiting current is not due to a drift of the reference electrode, but more likely to the working microelectrode array.
UPD-SV of Cu 2 + in Artificial Seawater
UPD-SV of Cu 2 + in artificial seawater was investigated using microelectrode array of Design 2 ( Figure 8) as it showed the highest current density. By the application of a potential of À0.15 V for a period of time, a monolayer of copper is formed at the surface of the electrode. The metal deposit is then stripped by scanning the potential, at 100 mV s
À1
, from À0.15 V to + 0.6 V. The current and charge of the stripping peak increases with the deposition time until it reaches a plateau, at which point a full monolayer is obtained. The full monolayer is obtained after 120 s of deposition for a charge of (30.5 AE 0.1) nC, N = 10. The Cu surface coverage, G, of the surface of the microelectrode array can be estimated using Equation 6:
where Q is the charge (in C), n the number of electrons exchanged, F the Faraday constant and A the geometric surface area of the microelectrode array (in cm   2 ). At saturation of the stripping peak, a surface coverage value obtained was (1.13 AE 0.01) 10 À9 mol cm
À2
, which is lower than the 2 10 À9 mol cm À2 reported in the literature [43] .
However, the value obtained here is comparable to the value of 1 10 À9 mol cm À2 obtained at gold microelectrode arrays in 0.1 M sulphuric acid [31] . Full coverage of Figure 6 . For each of the data set, the middle line represents the average of the value, the top line the average value + 3s and the bottom line the average value -3s. the electrode surface by Cu monolayer was obtained in artificial seawater at a very high concentration of Cu 2 + (50 mM) whereas it was achieved for 1 mM of Cu 2 + in acidic conditions using similar deposition time. Such difference between acidic and neutral conditions, as well as the presence of chloride ions highlights the challenge presented by the detection of transition and heavy metals in seawater.
A calibration curve was constructed between 1 and 6 mM Cu 2 + in artificial seawater using electrode of Design 2. Six concentration solutions were used and the UPD-SV experiments were repeated four times for each concentration. The lowest concentration of Cu 2 + measured was 1 mM. A 90 s deposition time was used to underpotentially deposit the copper on the surface of the microelectrodes and the deposit was then detected by stripping at 100 mV s
À1
. Sensitivity was measured at (2.93 AE 0.14) mA cm À2 mM
. Analytical performances of the set-up could be greatly improved by using square wave voltammetry for the stripping step, a further reduction of the electrode dimensions accompanied with an increase in the number of microelectrodes in the array. Kirowa-Eisner and colleagues have suggested using the slope at the inflection point of the peak as the analytical response to construct calibration curves rather than the peak current [28] . Measurement of this parameter could be easily implanted in an automated signal processing system.
Conclusions
We reported here the design, fabrication and characterisation of microelectrochemical cells on silicon chips en route to remote monitoring of pollutants in seawater. The four different designs were characterised by cyclic voltammetry of ferricyanide in artificial seawater. The experimental behaviour of the microelectrochemical cell was in good agreement with the theoretical prediction. These microelectrochemical systems on-chip showed good stability over a 72 hour period. Finally, the detection of copper in artificial seawater was demonstrated. This work provides the basis for the development of remote sensor systems for the detection of pollutants in seawater and other natural waters.
